Abstract: We demonstrate image plane holographic microscopy in the soft X-ray (SXR) spectral region, combining the coherent output from a 46.9-nm wavelength table-top SXR laser and two Fresnel zone plates. Phase and amplitude maps of the object are simultaneously obtained from holograms created at the image plane by the superposition of a reference and object beam originating from the zero and first diffraction order of the zone plates. We have used the microscope to record holograms of nanometer-scale periodic Si elbow patterns with $30% absorption contrast at the laser wavelength. The measured phase shift of 2.3 rad accurately predicts the Si dense line step height of 100 nm. The scheme is scalable to shorter wavelengths and allows for simultaneous high spatial and temporal resolution.
Introduction
The use of phase contrast in microscopy to observe transparent objects, which is an old concept devised by Zernike, has spurred the development of imaging methods that are capable of quantitatively measuring phase changes across the field of view of an image [1] . Phase information can be converted to variations in refractive index or density if the thickness of the sample is known. Quantitative phase imaging is widely exploited for biological imaging at optical wavelengths where natural absorption contrast is essentially absent [2] - [4] .
Quantitative measurements of both phase and amplitude of a wave can be obtained with digital holographic imaging and with quantitative phase imaging [5] - [7] . In holography, the object wave is benchmarked with a reference beam while in quantitative phase imaging it is the imaging field [6] . A particular holographic configuration is Image Plane Digital Holographic Microscopy (IPDHM) [7] . The implementation of IPDHM requires splitting a coherent beam into a reference beam and a second beam that illuminates the object. An image of the object is formed by an objective lens at the detector plane where this "object wave" is made to interfere with the reference beam creating a hologram. Analysis of the resulting interference pattern allows for the quantitative evaluation of the phase and amplitude of the object wave on every pixel across the image.
IPDHM using visible illumination has been applied to image stain-free biological samples that have extremely low absorption contrast at optical wavelengths [2] , [3] , [8] . Imaging at extreme ultraviolet (EUV) and soft X-ray (SXR) wavelengths also suffers from lack of absorption contrast when the EUV/SXR photon energy does not coincide with atomic resonances of the sample's materials [9] . Nevertheless EUV and SXR can provide very high sensitivity in assessing phase shifts [10] . This coupled with the tens of nanometer lateral resolution of EUV/SXR microscopes [11] makes it possible to obtain 3-D images of nanoscale objects. Different EUV/SXR imaging methods that exploit phase contrast have been demonstrated. Zernike phase contrast microscopy was initially demonstrated by incorporating a phase plate at the objective back focal plane [10] . The concept was later elegantly refined by combining the zone plate objective and phase mask into a single diffractive optical element [12] , [13] . However, this imaging modality is not quantitative. Zone plates have also been used in SXR interferometry and Fourier holography to generate the reference beam [14] - [18] .
Herein, we describe the demonstration of IPDHM at SXR wavelengths in an experiment designed to simultaneously obtain quantitative phase and amplitude maps of a sample with high spatial resolution. The microscope uses two zone plates that when illuminated by a converging SXR laser beam generate reference and object waves that interfere at the detector plane. Interferograms of a weakly absorbing sample consisting of Si elbow patterns with periods down to 150 nm, defined on a silicon nitride membrane were obtained. Reconstruction of the image plane holograms allowed us to obtain phase maps from which nanometer-scale variations in the thickness across the sample could be determined.
Experimental Design
In the SXR IPDHM microscope a converging beam illuminates a condenser zone plate (CZP) that acts as both beam splitter and focusing element. The CZP zero diffraction order serves as the reference beam and its first diffraction order creates the object beam that illuminates the sample. A second zone plate, i.e., the objective zone plate (OZP), creates a magnified image of the object that is made to interfere with the reference beam at the image plane to create the hologram. The conceptual design and the coherence demands of this microscope were previously discussed [19] . Fig. 1 shows the OZP focuses the object beam in the vicinity of the focus of the reference beam which passes unaffected through the CZP and OZP. This configuration ensures both the efficient illumination of the sample and the same wavefront curvature for the reference and object waves at the detector plane while minimizing the limitations imposed by the temporal coherence of the illumination. The sample is placed near the first order focus of the CZP and its image is formed by the first diffraction order of the OZP at the detector plane. The interference between the object and reference waves gives rise to a fringe pattern that is captured by a back-illuminated X-ray charged coupled device array detector. The fringe spacing and fringe orientation in the image-plane hologram are controlled by displacing the position of the object beam focus with respect to the focus of the reference beam on a plane perpendicular to the optical axis. In this geometry, it is possible to obtain in-line holograms (reference and object waves are concentric), or off-axis holograms with adjustable fringe spacing that is constrained by the overlap of the reference and object beams.
Generally, the object beam at the image plane is a shifted point-symmetrical copy of the reference beam. That is why the spatial coherence of the illuminating beam is a critical issue in the experimental design. We have analyzed the coherence demands of the illumination for the SXR IPDHM microscope geometry shown in Fig. 1 [19] . This analysis showed the distance c between the CZP and the focus of the reference beam, the distance d between CZP and OZP and distance b between the CZP and its first order focus are related to the OZP first order focal length f ozp via the thin lens equation as
The solution to (1) that results in the smaller d is chosen to obtain an image of the sample with high magnification and at the same time to ensure that the reference beam is significantly expanded at the sample plane. Finally, the sample and detector positions can be found from the required magnification following the thin lens equation for the OZP.
One can also evaluate the intensity ratio of the reference and the object beam at the image plane as
with m denoting the mth-order far field diffraction efficiency of the zone plates. From this ratio the maximum fringe visibility (for the case of fully coherent beam) can be calculated as
Notice that the maximum fringe visibility is independent of the magnification of the imaging setup.
Experimental Setup
Our implementation of SXR IPDHM (see Fig. 1 ) is based on a modification of a compact full field SXR microscope that has been used to image nanostructures and nanoscale dynamics with $50 nm lateral spatial resolution [20] , [21] . The SXR IPDHM setup used as illumination the output from a Ne-like Ar capillary discharge laser delivering pulses of $0.1 mJ energy, 1.2 ns duration at a wavelength of 46.9 nm [22] , [23] . The laser output illuminates a Schwarzschild condenser placed 1.5 m downstream. This optical element consists of two spherical mirrors coated with Sc/Si multilayers each with 40% reflectivity [24] . Its effective focal length is 27 mm, and its numerical aperture is 0.18 NA. The Schwarzschild condenser creates a converging spherical wave with low aberrations. A fraction of this beam illuminates a 0.5 mm diameter CZP of numerical aperture 0.12 NA and first order focal length of 2.13 mm. We used two OZPs with the same diameter, 0.5 mm, and numerical apertures of 0.23 NA and 0.46 NA to achieve magnifications of 600Â and 900Â, respectively. All the zone plates employed in our experiment were free standing Ni binary amplitude Fresnel zone plates with diffraction efficiencies 0 % 0:25 and 1 % 0:1 for the zero and first order, respectively. This zone plate arrangement results in a maximum energy throughput of 1% for the object beam and 6% for the reference beam not including sample losses. The geometrical parameters of both configurations are listed in Table 1 .
To ensure the CZP was illuminated by a fully spatially coherent beam to achieve maximum fringe visibility, the length of the capillary laser gain medium was selected to be 26 cm resulting in coherence area radius of 135 m at 40 cm from the source [25] . It is important to point out that since the laser output is highly monochromatic, Á= % 4 Â 10 À5 , which is equivalent to the coherence length of $700 m [26] , the fringe visibility is practically unaffected. Due to the common-path nature of the setup the maximum ray path-length difference is below 30 m for either of the imaging configurations [27] .
The sample consisted of a set of dense Si lines forming an elbow grating with linewidths of 150 and 230 nm (see inset in Fig. 1 ) fabricated by electron beam lithography [28] . Upon processing, 100 nm tall Si elbows were defined within a region 20 Â 20 m 2 on the 0.5 mm Â 0.5 mm, 30 nm thick, silicon nitride window. This design allowed for the reference beam to propagate through the sample with minimum distortion.
Results
Off-axis image plane holograms were obtained with typical exposures of 5-30 laser shots with the laser operating at 2 Hz repetition rate to obtain a reasonable signal-to-noise-ratio (SNR > 20). The fringe spacing of the holograms was set to 11 and 8 pixels when using the 0.23 NA and 0.46 NA OZP respectively. This ensured maximum overlap of the reference and object beam without compromising field of view. Following the acquisition of each holographic image, a reference hologram image was acquired by removing the sample. This allowed for subtraction of beam in-homogeneities, which in turn, contributed to enhance the quality of the reconstructed amplitude and phase images.
The off-axis holograms were analyzed using a Fourier transform method which consisted of applying a point-symmetrical band-pass filter centered at the carrier frequency (spatial frequency of interference fringes) to extract the complex field of the object wave, i.e., its phase and amplitude [29] . The boundary of the frequency filter was set to the theoretical on-axis resolution of the system to eliminate noise originating from unresolved frequencies. A hologram of a 230 nm half period Si elbow pattern acquired using the OZP with numerical aperture 0.23 NA and magnification 600Â is shown in Fig. 2(a) .
From the reconstruction of this hologram the phase and amplitude images shown in Fig. 2 Fig. 2(e) . A fit of the histogram with Gaussian functions, allowed us to extract a phase difference of ÁÈ ¼ ð2:3 AE 0:3Þ rad which corresponds to a Si thickness of Ád ¼ ð100 AE 15Þ nm when using the tabulated refractive index of Si,ñ ¼ 0:83 À 0:012i [30] in the relation
with denoting the wavelength of the illumination and n the real part of the refractive indexñ. This result is in good agreement with the thickness specifications of the sample. Images of the 150 nm half period Si elbow pattern were obtained with a magnification of 900Â using the 0.46 NA OZP. The recorded hologram and the corresponding phase and amplitude maps are shown in Fig. 3(a)-(c) , respectively. From the analysis of the phase image, a phase shift ÁÈ ¼ ð2:9 AE 0:6Þ rad is obtained. This case shows a larger spread in the phase compared with the results of Fig. 2 . This is in part due to a reduction in fringe visibility resulting from a decrease in the signal level when using higher magnification and the smaller coherence area of the illumination at the CZP location which at higher magnification is closer to the reference beam focus. The aberrations of this high-NA zone plate might have also contributed to the lower quality of the hologram.
Discussion
The IPDHM quantitatively determines the object wave electric field phasor at the image plane. Therefore, analysis of its spatial resolution with a classical two-point resolution criterion or a knife-edge method is not applicable. Nevertheless, it is possible to analyze which are the factors that lead to errors in the determination of the electric field phasor. In IPDHM, the quantitative determination of the phasor requires both center-symmetric components of a given spatial frequency (its þ1 and À1 diffraction orders) to be transferred by the OZP. We can define the cut-off frequency of the optical system as the maximum spatial frequency that satisfies this condition, so the phasor of the electric field can be evaluated correctly. For an extended object, the cut-off frequencies transferred by the system equal NA ozp = near the optical axis and reduce linearly over the field of view to ðNA ozp À NA czp Þ= on the periphery of the object beam which is divergent on the sample plane (see Fig. 1 ). We can write the cut-off frequency of a region in the object beam as a function of its distance from the center of the object beam r as
where R denotes the radius of the object beam at the sample plane. As shown by (5), when imaging an extended object that covers a substantial region of the object beam, as occurs in our case when using the highest magnification (see Fig. 3 ), the spatial resolution of the measurements is re- À1 on the periphery of the field of view, respectively. Assuming an aberration free system the two configurations should be able to resolve 210 nm and 70 nm half-period structures over the entire field of view, respectively. In addition, the limited numerical aperture contributes to the error in the phase shown as a spread around the central peaks in the histograms. This is because due to the geometry of the dense line Si elbow gratings only spatial frequencies that are odd multiples of the fundamental frequency are present.
The third harmonics have spatial frequencies of 6.5 m À1 and 10 m À1 which exceed the cut-off frequency of the 0.23 NA and 0.46 NA OZP, respectively. Therefore, only the fundamental frequency is transferred and the phase maps extracted from the holograms exhibit a sinusoidal profile instead of a step-wise pattern as seen from the phase cuts in Fig. 2(d) .
The quality of the holograms is affected by the degree of coherence of the illumination. A detailed ray tracing analysis has shown low demands on temporal coherence that are easily met by the SXR laser, but significant requirements on spatial coherence that constrain the design of the experimental setup, as discussed briefly in Section 2 and more extensively in [19] . Notice that the limited extension of the coherence area limits the field of view, but it does not affect the spatial resolution of the method, as the hologram is recorded in the image plane. Improving the spatial coherence of the illumination while preserving the photon flux would lead to an increased field of view of the microscope. This could be accomplished by increasing the gain length of the capillary discharge laser.
The quality of the holograms, and hence the accuracy in the determination of the phase and amplitude components of the object wave electric field, can also be affected by other factors. The contributions of the different diffraction orders of the zone plates affect the homogeneity of the reference and object beams. In the experimental design we considered only the zero diffraction order of both zone plates for the reference beam and their first diffraction order for the object beam. Other orders can, however, also contribute to the total electric field at the image plane. These can be considered as a set of beams originating from point sources that lie close to the optical axis at different distances with respect to the hologram plane and thus create a radial structure on the reference and object beams at the image plane. The contribution of these diffraction orders is more important in the IPDHM geometry than in a classical zone plate microscope, because the image plane hologram is the superposition of the electric field distributions of the reference and object waves. In the case of binary amplitude Fresnel zone plates, the field diffraction efficiency scales as 1=m, where m is an odd diffraction order [9] . The contribution of these parasitic beams is, however, reduced by their high divergence that further reduces their field amplitude at the hologram plane. Our calculations showed that the amplitude of these waves is always at least an order of magnitude lower than the field of the reference or object waves [27] .
Conclusion
In summary, the SXR IPDHM microscope successfully obtained quantitative phase and amplitude maps of low absorbing Si dense lines with linewidth as small as 150 nm without the use of phase retrieval methods. The method could also be adapted to image in a reflection configuration. Moreover, this SXR IPDHM geometry is scalable to shorter wavelengths using the coherent and highly monochromatic output from laser-pumped SXR lasers [31] , [32] . The shorter wavelength of these state-of-the-art lasers should improve resolution and enable probing of thicker samples. Additionally, the common-path nature of the method which significantly reduces the demands on the temporal coherence of the illumination coupled with the high flux of SXR lasers will allow for single-shot image plane holography with high spatial and temporal resolution. The ability to quantify phase shifts and hence optical path lengths provides a path to assess variations in density or thickness of samples at the nanoscale.
